REVISTA MATEMATICA COMPLUTENSE ISSN 1139-1138
Vol. 15 Ndm. 2 (2002), 437-447

SUMMATION OF SERIES VIA LAPLACE
TRANSFORMS

A. SOFO

Abstract

We consider a forced differential difference equation and by
the use of Laplace Transform Theory generate non-hypergeometric
type series which we prove may be expressed in closed form.

1 Introduction

In a previous paper Sofo and Cerone [6] considered a differential-difference
equation and by the use of Laplace Transform Theory were able to prove
that the infinite sum

X n+R—1)\ brettman) (p — gp)til
e ===

n=0

may be represented in closed form.
For R = 1, we have from (1.1), details of which may be seen in [2] ,
that

2L prebltman) (4 — qn)” 1
JOEDY nl T l+ab (12)

n=0

The result (1.2) was previously obtained, in different form, by Euler [3]
in 1779 and later, in 1902, independently by Jensen [4].

However, the methods used by Euler and Jensen in obtaining (1.2)
do not suggest a technique that would allow us to generalise (1.2) to
obtain the result (1.1). The methods developed by Sofo and Cerone [5]
in obtaining (1.2) did allow the author to generalise the result S; (1) to
S1 (R). We now apply similar methods as used in [5] or [2] to further
generalise S1 (R).
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A. SOFO SUMMATION OF SERIES VIA LAPLACE TRANSFORMS

The main purpose of this paper is therefore to prove that the sum

> pnko—b(t—an) (t _ an)nk—i-k—l

S(k’b’a’t):n;) (nk + k — 1)!

and its generalisation

) ( n+R—1 ) bnke—b(t—an) (t o an)k(nJrR)er—l

S(R’m’k’b’“’t):;o n (nk + Rk +m —1)]

may be expressed in closed form.

2 Technique

Consider, for a well behaved function f (t), the forced dynamical system
with constant real coefficients b and ¢, real delay parameter a, and all
initial conditions at rest,

cf(t—a)—l—é)(ﬁ)bkTf(")(t):w(t); t>a

(2.1)
k

> < ]; )b’“"“f(”(t):w(t); 0<t<a.

r=0

In the system (2.1) w (t) is a forcing term, ¢ is a real variable and & is a
positive integer. If we use the Laplace transform property

L(f(t—a))=e"PF(p)
and the property of the Laplace transform of derivative functions, we
obtain upon taking the Laplace transforms of (2.1)

Flp)=— 2 @ (2.2

(p+b)F + ce—ap’
where F'(p) and W (p) are the Laplace transforms of f(¢) and w (t)
respectively.
If we rewrite (2.2) as

P v |1y
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and expand the square bracket as a series, we have

F(p)=) W((p> (Zee )", (2.3)

To bring out the essential features of our results we may choose the
forcing term w (t) = ¢ (t), the Dirac delta function, such that W (p) = 1.
Substituting for W (p) into (2.3) and taking the inverse Laplace trans-
form, we have

0 (_C)n €_b(t_an) (t o an)nk—‘rk—l

Fo=> (nk+k—1)!

n=0

H(t—an), (2.4)

where H (x) is the unit Heaviside step function. The inverse of (2.2), a
solution of the system (2.1) by Laplace transform theory, may also be
written as
1 Y+i00 .
FO =5 [ Ew)dp
211 ~—ico ’

for an appropriate choice of v such that all the zeros of the characteristic
function

g(p) =@+ b)k + ce P (2.5)

are contained to the left of the line in the Bromwich contour, and F' (p)
is defined by (2.2). Now, by the residue theorem

f) = Z residues of (eptF (p)) .

which suggests the solution of f (¢) may be written in the form
F) = Qe
p

where the sum is over all the characteristic zeros p, of g1 (p) and @, is
the contribution of the residues in F'(p) at p = p,. The zeros of the
characteristic function (2.5), under certain restrictions are all distinct.
The poles of the expression (2.2) depend on the zeros of the characteristic
function (2.5), namely, the zeros of g; (p). The k dominant distinct roots
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&, v=0,1,2,....k—1, of g1 (£,) = 0 are defined as the ones with the
greatest real part and therefore we have that asymptotically

k—1

F) > Q&) e (2.6)

v=0

From (2.4) and (2.6)

[t/a] (_C)TL 6—b(t—an) (t . an)nk‘+kfl k—1

fey=3 = 2D Q&) (27

v=0

n=0

where [z] represents the integer part of = and the residue contribution
Q(&,), Is given by

Q(gu):phng [(p_gu)F(p)]a v=0,1,2,... k-1 (2'8)

v

and ¢, are defined as the k—dominant distinct zeros of the characteristic
function (2.5). To simplify the algebra let us take c4+b* = 0, which allows
one dominant zero of the characteristic function

gk () = (p+b)" — bFem (2.9)

with £ + ab > 0, to occur at the origin. The condition k + ab # 0 will
ensure the distinct nature of the zeros of (2.9).

From the above considerations and the suggestion of (2.7), we may
state our main theorem as follows.

3 The Main Theorem

Theorem 1. Let

bnke—b(t—an) (t _ an)nk+k71

T, (k,b,a,t) = d 3.1
n(77a7) (nk+k_1)| an ( )
S (k,b,a,t) =Y Ty (k,b,a,t) (3.2)
n=0
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which is convergent for all values of k,b,a and t in the region

‘(ab)k e®| < (k:eil)k. (3.3)

Then o
S(k,ba,t) =Y Q&) M, (3.4)
v=0

where Q) (€,)) is defined in (2.8) and £, are the k dominant distinct zeros
of the characteristic function (2.9), and F (p) in (2.8) is given by (2.2)
with W (p) = 1 and ¢ = —b*. The inequality (3.3) is obtained by using
the ratio test on (3.1).

The following two lemmas, regarding the location of dominant zeros,
will be useful in the proof of Theorem 1.

Lemma 1. The characteristic function (2.9) has k simple dominant
zeros lying in the region T' : |p| < ktab;a,b > 0 and k is a positive
integer.

Proof. We have previously defined a dominant zero as the one with
the greatest real part. It is known, see [1], that (2.9) has an infinite
number of zeros lying in the left (or right) half plane. By using some
straightforward algebra, it can be shown that (2.9) has at most three
(and at least one) real zeros with restriction (3.3) one of which is at
the origin, £, = 0. Applying Rouche’s theorem [8] it is required to show
that |A(w)| > |B(w) — A(w)| for w = p+ b, A(w) = w* B(w) =
wk —bFeab = in the region I" : |w| < #2922 Now A (w) has k zeros lying
in the region I and since |w*| > |—b*e®~| implies that (k + 2ab)* >
(ab)¥; then B (w) has k dominant zeros lying in the region I and hence
(2.9) has k dominant zeros lying in T |

Lemma 2. The characteristic function
¢; (p) = p+ b — berii—ap)/k (3.5)

for 7 =0,1,2,3,....k — 1 has one dominant zero for each j lying in the
region I' as defined in Lemma 1.

Proof. Now, A; (w) = w has one dominant zero lying in the region I
and By (w) = w — be(?mi+ab=aw)/k Therefore |w| > |—be(2mii+ab—aw)/k|
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implies that (k + 2ab) > ab, hence By (w) has one zero lying inside the
region IV and it follows that for j = 0,1,2,3,....,k — 1, (3.5) has one
dominant zero lying in the region I'. |

Proof. (Theorem 1). Firstly, we evaluate @ (§,) from (2.8) and from
(3.4) we may write

[ bnke—b(t—an) (t _ an)nk—i-k—l

S(k,b,a,t) = T

(3.6)

L

N
—_

bt

$(b+6,) " (k+ab+ag,)

v

The characteristic function (2.9) may be expressed as the product of
factors such that,

k—1

k—1
g () = (p+5)" = "™ = T (p+b = be®= /%) = TT 4 ().
j=0 j=0

Lemmas 1 and 2 show that the dominant zeros, o, of ¢; (o) for each
j=0,1,2,3,....,k — 1 are the same as the &k dominant zeros of g (p).
Using (2.8), the contribution €2 (c;) to each of the factors g; (o) is

Qay) = Jim [(p—aj) F (o)
. [p — oej] k
= lim =
p—oy | g (p) k+ ab+ aq;

and using this result, we have from (1.2) that

) (be%rij/k)”efb(tf%) (t . @)n B Leit
n!  k+ab+ ao

(3.7)

n=0

foreach k =1,2,3,...and j =0,1,2,3, ..., k— 1. Note that the sum (3.7)
may in fact be a complex number. The summation of all the k dominant
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zeros , for each of the factors ¢; (oj) implies from (3.7) that

Al geast 1 2 (be2mia/ k)™ et 5) (¢ — an)”

oo
E+ab+aa; - 2 nl

=0

.

Rescaling the infinite sum, by putting n = (n* + 1) k, (and then renam-
ing n* as n) gives the result,

kb* i

n=-—1

pnk o —b(t—an—a) ( )nkJrk

t—an —a

El ot
(nk + k)! Zk—l—ab—l—aa]

K)

acy —

Now letting y = ¢t — a and, from ¢; (¢;), using the fact that e
k
b
(m) then

0 bnkefb(yfan) (y o an)nk+k k—1 ajyefb(a+y)
(nk + k)!

. (3.8)

e s (b4 ;)" (k + ab + aa;) bk

Differentiating (3.8) with respect to y, which is permissible within the
radius of convergence (3.3), gives after some algebraic manipulation

X, prke—bly—an) (y an)”k+’f—1 k-1 Y

(nk+k—1)! ]Z (b+a;)" " (k+ab+aay)
(3.9)
Renaming y as t shows that (3.9) is the same as (3.6) since by Lemmas
land 2, aj =¢, for j =0,1,2,3,..,k—-1; v =0,1,2,3,...,k — 1, and
therefore Theorem 1 is proved. [ |

n=0

Some examples are now given to illustrate the above theorem.

3.1 Examples

(7). For k even there are 2 real dominant distinct zeros and (k — 2)
complex conjugate zeros of the characteristic function (2.9) that need to

445 REVISTA MATEMATICA COMPLUTENSE
Vol. 15 Ntm. 2 (2002), 437-447



A. SOFO SUMMATION OF SERIES VIA LAPLACE TRANSFORMS

be considered for determining the right hand side of (3.6). Consider, in
particular, the case k = 2, then

> p2ne—b(t—an) (t _ an)2n+1 ot

1
(2n + 1) :;(b+£y)(2+ab+afy)'

n=0

For (a,b,t) = (.1,2,2) then (£,,&;) = (0,—4.5053) and the sum takes
the value, to four significant digits, .2272.

(77) . For k odd there are 3 real dominant distinct zeros and (k — 1)
complex conjugate zeros of the characteristic function (2.9) that need
to be considered for determining the right hand side of (3.6). Consider,
in particular, k = 3, in this case there will be one real zero £, and two
complex conjugate zeros &, = (z +iy),&; = (x —idy) and &, satisfies
(€, 4+ D)° —bPe % =0, =0,1,2. Hence we have

i b3n67b(t7an) (t _ an)3n+2
(3n +2)!

n=0
ebot
(b+&)* (3+ ab+ a&y)
2e% [(woxy — 325) cosyt + (wax5 + T374) Sin Yt]
(23 +42)° (a3 + 2)

_l’_

where 11 = (7 +b), 20 = 23 — y?, 23 = 2yx1, 24 = 3 + axy and x5 = ay.
For (a,b,t) = (.8,1,2) then

(€0,€1,&1) = (0,—1.2193 + 1.3668¢, —1.2193 — 1.36681)

and the sum takes the value, to four significant digits, .2769. It is also of
some interest to note that for j = 1,¢; (p) of (3.5) takes the dominant
zero value, £; = —1.2193 4 1.3668¢ and hence the sum ( 3.7) takes the
value —0.0616 + 0.06067 to four significant figures.

Again the previous results (3.6) may be extended in various direc-
tions, we briefly mention one extension.

4 Extension

Consider, for a well behaved function f (¢), the forced dynamical system
with constant real coefficient b, real delay parameter a, and all initial
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conditions at rest,

=w(t); t>Ra

RE Rk
> ( . )bRk—Tf(r)(t):w(t); 0 <t < Ra.
r=0

Vg

(4.1)

In the system (4.1) w () is a forcing term, ¢ a real variable, and R and k
are positive integers. Let w (t) = e btgm—t

RO for m =1,2,3,... and taking
the Laplace transform of (4.1) we have

1
F(p) =
(04 D)™ (p+b)F — bre-ar) "

(4.2)

By the methods of the previous Section 3 we finally obtain

oo n+R—1 bnke—b(t—an) (t _ an)nkJrRkerfl s
nz:%< n > (nk + Rk +m —1)! (4.3)

m—1

— k—1R-1 _
— € bttm " IPmr - + Z Z 5 ttR a IQRM (51/)
r=0 _T_l v=0 p=0 R ’u_l)'

where

d’f’
1Py (-0) = i, [ (49" F)| s 7 =012 1),
’ p——b de

o

WQn, (€)=l | (- )" F )] n=0.1.20(r 1),

F (p) is defined by (4.2) and ¢,,,v = 0,1,2,3

, ..., k—1 are the k dominant
zeros of the characteristic function ( 2.9)

. For (R, k,m) = (2,2,3) we

445 REVISTA MATEMATICA COMPLUTENSE
Vol. 15 Ndm. 2 (2002), 437-447



A. SOFO SUMMATION OF SERIES VIA LAPLACE TRANSFORMS

have, from ( 4.3)

i n N 1 b2nefb(tfcm) (t _ an)2n+6
ot (2n +6)!

— 2(b21eab)3 [erabt (t +4a) + 4 (1 + aQer“b)]

1

Z ebv

— (b+£,)2(2(b+ &) + ab2e—%y)?

;o 2 2 — a’b?e %y
b+&, 20+¢,) +ab’e %

t

where ¢, are the two dominant zeros of (£, 4+ b)* — b%e~% = 0. The
degenerate case of a = 0, implies that the transcendental function (2.9)
reduces to a polynomial in p of degree k. Specifically for (a, R, k,m)
= (0,2,2,3) we have the identity

o] (bt)2n+6 '
Z n+1) (bt)* 4 4 + bt sinh (bt) — 4 cosh (bt)]| .

1
2n+6)! 2

5 Concluding Remarks

We have proved, by function theoretic methods, that the two non-
hypergeometric sums, S (k,b,a,t) and S (R, m,k,b,a,t) may be repre-
sented in closed form.

By a similar approach as that described in Section 2, Sofo and Cerone
[5] and Sofo [7] were able to represent infinite Fibonacci type sums in
closed form.
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